Abstract: Some high-carbohydrate diets may lead to obesity and multiple metabolic disorders, including hypertriglyceridemia (HTG). This lipid abnormality is considered an important risk factor for cardiovascular disease and type 2 diabetes. The sweet taste receptor TAS1R2 polymorphism (Ile191Val) has been reported to be associated with carbohydrate intake. The aim of this study was to analyze the association of the TAS1R2 gene polymorphism with carbohydrate intake and HTG among the population of West Mexico. In a cross-sectional study, 441 unrelated subjects were analyzed for TAS1R2 genotypes (Ile/Ile, Ile/Val and Val/Val) by an allelic discrimination assay. Biochemical tests and a three-day food record were assessed. The Val/Val genotype carriers had a higher intake of total carbohydrates, fiber and servings of cereals and vegetables than the other genotype carriers. The Val/Val genotype conferred a higher risk for HTG than the Ile/Val and Ile/Ile genotypes (OR = 3.26, 95%CI 1.35-7.86, p = 0.006 and OR = 2.61, 95%CI 1.12-6.07, p = 0.02, respectively). Furthermore, the Val/Val genotype was associated with approximately 30% higher triglycerides compared with Ile/Val and Ile/Ile genotypes (β = 44.09, 95%CI 9.94-78.25, p = 0.01 and β = 45.7, 95%CI 10.85-80.54, p = 0.01, respectively). In conclusion, the Val/Val genotype of TAS1R2 was associated with a higher carbohydrate intake and HTG.
Introduction
The traditional diet of the ancient Mexicans (AD 900-1521) provided essential nutrients, such as dietary fiber, polyunsaturated fatty acids, and antioxidants to the native population [1, 2] . This traditional diet appears to have exerted genetic adaptations for regional food sources leading to an efficient use of nutrients [2] . However, in the last 30 years, the Mexican population has experienced a nutrition transition characterized by an excessive intake of processed foods [3] . Regarding this point, the current diet among the people of West Mexico is marked by a frequent consumption of industrially sweetened beverages containing high-fructose corn syrup, refried foods in oil or lard, red meat, and confectionary foods [4] . These food trends have changed the nutritional composition of the traditional diet by increasing the proportional amount of simple carbohydrates, saturated fatty acids and cholesterol [4, 5] . It has been documented that the long-term consumption of this type of unbalanced diet is a crucial risk factor for the development of obesity, nonalcoholic steatohepatitis, liver cirrhosis and other nutrition-related diseases [6] . Currently, Mexico ranks as the most obese country in the world, with more than 70% of adults being classified as overweight or obese [7] . It has been reported that high carbohydrate diets (>55% of total energy) lead to obesity and multiple metabolic disorders including hypertriglyceridemia (HTG) [8] [9] [10] [11] [12] . High levels of serum triglycerides (TG) are a risk factor for the development of type 2 diabetes and liver cirrhosis [13, 14] . In Mexico, HTG is also highly prevalent (>40%) [15] , and both type 2 diabetes and cirrhosis are the leading causes of morbidity and mortality in the country [16] .
Taste perception plays a key role in determining the individual food preferences and dietary habits [17] . In particular, sweet taste is a powerful factor influencing food acceptance [18] . At the molecular level, all sweet taste perception is mediated by the sweet taste receptor, a heterodimer of the G-protein-coupled receptors TAS1R2-TAS1R3 [19] . Nevertheless, TAS1R2 is considered the specific component to sweet taste perception because TAS1R3, which also responds to L-amino acids, is involved in the detection of umami taste when it dimerizes with the TAS1R1 receptor [20] . In addition to gene expression in the tongue and palate, TAS1R2 is also expressed in other body tissues that regulate metabolism and energy homeostasis. Thus, genetic variations in the TAS1R2 receptor may contribute to inter-individual differences in dietary intake [17, 21] .
The TAS1R2 gene is located on chromosome 1 [22] . Several single-nucleotide polymorphisms (SNPs) in this gene have been identified; one is located in exon 3 that causes a nucleotide substitution at position 571 (Adenine/Guanine, A571G, rs35874116) [23] . This non-synonymous polymorphism leads to the amino acid substitution at position 191 (Isoleucine/Valine, Ile191Val), which has been associated with the regular consumption of sugars in healthy and diabetic subjects [24] . However, the influence of the TAS1R2 gene in carbohydrate intake among the Mexican population is currently unknown. Therefore, the aim of this study was to analyze the association of the Ile191Val TAS1R2 gene polymorphism with carbohydrate intake and HTG among the population of West Mexico.
Experimental Section

Study Population
In a cross-sectional/analytical study, a total of 441 unrelated Mestizos subjects of both genders and over 18 years of age were included. The study was conducted at the Department of Molecular Biology in Medicine, Civil Hospital of Guadalajara "Fray Antonio Alcalde" in Guadalajara, Jalisco, Mexico. Exclusion criteria were women who were pregnant or breastfeeding, smokers and individuals with chronic sinus problems, subjects taking any prescribed medication that might affect taste perception and lipid levels, and those who reported consuming a special diet that restricted carbohydrates or calories in the last six months.
Anthropometric Measurements
Height measurement was determined by using a clinical scale with a stadiometer (Rochester Clinical Research, New York, NY, USA) during the patient's visit. Body Mass Index (BMI, kg/m 2 ) was determined by electrical bioimpedance using an INBODY 3.0 instrument (Analyzer Body Composition, Biospace, Korea).
Dietary Assessment
A 3-day food record was used to assess daily intake of macronutrients. Each subject was instructed on how to complete this tool, including two weekdays and one weekend day. The food records were coded by a trained registered dietitian using the Nutrikcal computer program (Nutrikcal VO ® , México), which is based on the Mexican System of Food and Equivalents [5] . Macronutrient intakes were averaged over the 3-day food records.
Biochemical Tests
Ten-milliliter blood samples were drawn by venipuncture after a 12-h fast and separated into two aliquots; one for DNA isolation and another for determination of biochemical test. Blood tests included glucose, total cholesterol (TC), TG, and high-density lipoprotein cholesterol (HDL-c). Low-density lipoprotein cholesterol (LDL-c) was calculated using the Friedewald formula [25] , and very low-density lipoprotein cholesterol (VLDL-c) concentration was calculated as TC´(LDL-c + HDL-c). Dry chemistry assay was used to determine all biochemical tests on a Vitros 250 Analyzer (Ortho Clinical Diagnostics, Johnson & Johnson Co, Rochester, NY, USA). For quality control purposes, we used a pooled human serum and a commercial control serum (Ortho Clinical Diagnostics, Johnson & Johnson Co, Rochester, NY, USA) to account for imprecision and the inaccuracy of the biochemical measurements. The intra-assay variability (coefficient of variation, CV%) was estimated by ten repeated determinations of the control serum in the same analytical session. Inter-assay CV% for each variable was calculated by the mean values of control serum measured in five analytical sessions. When necessary, the serum was diluted with bovine serum albumin according to the manufacturers' instructions. The criteria for considering HTG were TG > 150 mg/dL, TC < 200 mg/dL and LDL-c < 130 mg/dL [26] .
TAS1R2 Genotyping
DNA was extracted from leukocytes by a modified salting-out method [27] . The Ile191Val TAS1R2 gene polymorphism (rs35874116) was determined by a TaqMan allelic discrimination assay (Assay Number C_55646_20, Applied Biosystems, Foster City, CA, USA) in a 96-well format and read on a
Step One Plus thermocycler (Applied Biosystems, Foster City, CA, USA). DNA was used at a final concentration of 70 ng. PCR conditions were 95˝C for 10 min and 40 cycles of denaturation at 92˝C for 15 s and annealing/extension at 60˝C, for 1 min. TAS1R2 genotyping was verified using positive controls of the DNA samples corresponding to the three possible genotypes in each 96-well plate as well as re-running 10% of the total samples, which were 100% concordant.
Statistical Analyses
Quantitative values are expressed as mean˘standard deviation (SD), whereas qualitative variables were expressed as number and percentage. A formula for a cross-sectional/analytical study [28] was used to calculate the sample size, which resulted in 290 subjects based on the allelic frequencies in the general population reported by Eny et al. [24] . Based on the sample size, the statistical power of the study was 80% (β = 0.20) with a statistical reliability of 95% (α = 0.05). Statistical differences for quantitative variables were analyzed by one-way ANOVA test and adjusted for age, gender and BMI. Subsequently, post hoc tests were run to define intergroup differences according to the homogeneity of variances. Bonferroni's test assuming equal variances and Dunnett's T3 test assuming unequal variances were used. Qualitative variables and Hardy-Weinberg equilibrium (HWE) were analyzed by chi-square test. Odds ratio (OR), logistic (adjusted OR) and linear regression were performed to test the association of the TAS1R2 gene polymorphism with HTG. A p-value < 0.05 was considered significant. Statistical analyzes were performed by using Epi-info TM7 (CDC, Atlanta, GA, USA) and IBM SPSS software version 20 for Windows (IBM Inc., Armonk, NY, USA).
EthicalGuidelines
The study protocol complied with the ethical guideline for the 2013 Declaration of Helsinki and was approved by the local Hospital Ethical Committee. All participants filled out a written informed consent.
Results
Distribution of the TAS1R2 Gene Polymorphism and Characteristics of the Study Population
As shown in Table 1 , the genotype frequencies of the TAS1R2 gene polymorphism were Ile/Ile (56.9%), Ile/Val (37.4%) and Val/Val (5.7%), whereas the frequencies of the Ile allele and Val allele were 75.6% and 24.4%, respectively. The distribution of genotypes was concordant with the Hardy-Weinberg Equilibrium (p = 0.90). In regards to the demographic characteristics of the participants, no significant differences between the variables of age, gender, BMI and the TAS1R2 genotype category were found. Tables 2 and 3 depict the daily dietary intake of the study group according to the TAS1R2 genotype. Among the three TAS1R2 genotype groups, the Val/Val carriers comparatively had a higher daily intake of total carbohydrates (p = 0.01) and fiber (p = 0.002) than the other genotype carriers (Table 2) . Additionally, they had a higher daily intake of vegetables (p = 0.005) and cereal (p = 0.01) servings than those who were non-Val/Val carriers (Table 3) . 
Daily Dietary Intake of the Study Population
Biochemical Profile
The effect of the TAS1R2 genotype on the biochemical profile of the study group is depicted in Table 4 . The Val/Val genotype carriers had a significantly higher serum levels of TG (p = 0.02) than the other genotype carriers. 
Lipid Profile and Association of TAS1R2 Genotype with Hypertriglyceridemia
As shown in Table 5 , the percentage of subjects with HTG was greater among the Val/Val carriers compared to the non-HTG group (10.9% vs. 4.1%). Furthermore, the Val/Val genotype conferred a higher risk for HTG in comparison with the Val/Ile, Ile/Ile and both genotypes combined. 
Discussion
The onset, progression and clinical outcome of several chronic diseases driven by carbohydrate and lipoprotein abnormalities are known to be influenced by genetic polymorphisms interacting with environmental factors [29] . In the context of this study, the genetic architecture of the Mexican population is characterized by an admixture of three paternal lineages consisting of Amerindian, European (Caucasian) and African ancestry, denoted as Mestizos, with an unequal inter-regional distribution [30] [31] [32] [33] . Therefore, among the Mexican population, it is expected that the distribution of the risk and protector alleles of certain lipid transporters, taste receptors and metabolizing enzymes may vary due to the degree of ancestral inheritance and prevalence of regional environmental factors [34] [35] [36] [37] [38] [39] . In this study, the Val/Val risk genotype was prevalent in 5.7% among the studied population of West Mexico. This relatively low frequency was similar to the pattern of Val/Val genotype distribution (9.8%) reported in white population from Canada [24] and was consistent with the predominant Caucasian ancestral component estimated in Mexican-Mestizos from the State of Jalisco [30, 31] . Conversely, higher frequencies of the Val/Val genotype have been reported in African descendant population [32] . However, further investigation is required to establish the pattern of distribution of the TAS1R2 gene and its impact on sweet taste perception and carbohydrate intake in other regions of Mexico, particularly among the Native Amerindians who are exposed to absolutely different gene-environmental interactions [34] Studies on the TAS1R2 receptor have focused on the effects of its genetic variations on sweet taste perception [40] , sugar or carbohydrate intake per se [24, 39, 40] and the prevalence of dental caries in children and adults [41] [42] [43] , whereas the association with dyslipidemia have been less explored in humans. In this study, we highlight the association of the Val/Val genotype with a higher carbohydrate intake and HTG among a Mestizo population of West Mexico. The significantly higher carbohydrate intake observed among the Val/Val genotype carriers may be attributed to a corresponding increase in the average daily intake of cereals. One plausible explanation may be that genetically speaking, the Ile191Val polymorphism resides in the predicted first large extracellular domain of the TAS1R2 receptor, which hypothetically contains the ligand-binding site for carbohydrates and dipeptide sweeteners [44] [45] [46] . Particularly, this functional domain also displays significant genetic polymorphism and haplotype diversity presumably associated with the evolutionary adaptation humans have made by natural sugar nutrients [23] . This complex diversity is notable when revising studies that report divergent results. For example, an association between the rs12033832 (G>A) SNP with higher sucrose taste thresholds and sugar intake in overweight subjects was recently documented [39] ; whereas, for the rs35874116 SNP, a lower carbohydrate intake among Val allele carriers in comparison to the Ile homozygotes was reported in Canadian subjects [24] . Moreover, these discrepancies may also be caused by ethnic differences between populations, gene-environment interactions, study design, mode of inheritance and food culture [47] .
Regarding food culture, the traditional Mexican diet contained a wide variety of wild and domestic crops, as well as game and domesticated animals dated as far back as Paleolithic and Neolithic pre-Hispanic times [1, 2] . One staple cereal highly consumed with a great variety of Mexican dishes is the "tortilla", a low-fat, maize-derived product that provides a significant amount of dietary fiber and calcium [1, 4] . Nonetheless, the current-day obesogenic environment in Mexico has promoted the substitution of the natural, traditional "tortilla" for high-fat industrialized cereals in the form of sweet bread and pastries [4, 5] . The progressive shift in the last 500 years from a traditional native diet towards a westernized lifestyle may be just one of the many factors related to the obesity epidemic and derived comorbidities based on the existence of the recent genetic and cultural admixture of the Mexicans [1] . Thus, given the occurrence of a high copy number of the amylase 1 (AMY1) gene [48] and the differential distribution of the apolipoprotein E2 (APOE2) and APOE4 polymorphisms [34] , foods that are high in simple sugars, saturated fat and cholesterol may be detrimental to both Amerindians and Mexican-Mestizos with a stronger Amerindian lineage [1] . Likewise, this evolutionary discordance may also occur with the Ile191Val TAS1R2 polymorphisms in modern-day Mexicans that acquire new dietary habits.
As for lipid metabolism, in this study, we found an association between the Val/Val genotype and high serum TG, as well as an increased risk for HTG compared to the other genotypes. This dyslipidemia could be due to the higher carbohydrate intake observed among the Val/Val carriers since they were the only group with a carbohydrate consumption of >55% of the total energy [49] . It has been proposed that many of the changes induced by high-carbohydrate diets in lipid metabolism could be interpreted as a shift from fatty acid oxidation to triglyceride synthesis, which is mediated by an increase in insulin concentrations [50] . The principal mechanisms involved in carbohydrate-induced HTG include de novo lipogenesis, activation of stearoyl-CoA desaturase activity, accelerated VLDL-triglyceride secretion, reduced muscle fatty acid oxidation and low clearance of lipids from the blood [8] [9] [10] [11] [12] [13] [51] [52] [53] [54] [55] [56] [57] [58] . Furthermore, high-carbohydrate diets have also been associated with an increased risk of type 2 diabetes, coronary heart disease, nonalcoholic fatty liver disease, and some types of cancer [59] [60] [61] [62] .
Alongside, a higher fat intake was observed in the Val homozygotes, although it was not statistically significant because all study groups consistently consumed fatty foods. These dietary habits are in accordance with previous nutritional studies [4, 5] and with those that report a genetic susceptibility associated with fatty food preference [36] and HTG [63, 64] among the population of West Mexico. Additionally, one of the adverse effects of HTG is hypo-alpha-lipoproteinemia or lower than normal HDL-c levels [65] . Interesting, in this study, we found no differences in the HDL-c levels among the TAS1R2 genotypes that were low despite a trend in overgrowth of levels in Val/Val carriers. This observation may be explained by the fact that several loci diminish HDL-c levels among the Mexican population, such as the ATP-binding cassette transporter member A1 (ABCA1), hepatic lipase gene (LIPC), cholesteryl ester transfer protein (CETP) and LOC55908 [66, 67] . These genes may also interact with environmental factors including physical activity [68, 69] that require investigation in our population. Moreover, further studies are needed to establish the association of other common genetic SNPs of leptin and its receptor, the glucose transporter type 2 and the dopamine receptor D 2 with sweet preferences and frequent sugar consumption that has been consistently reported in distinct populations [70] [71] [72] .
In regards to the nutritional guidelines for the treatment of dyslipidemias, one of the most fundamental approaches is to increase dietary fiber intake [73, 74] . However, in this study, the Val homozygotes had a high intake of dietary fiber due to the consumption of cereals and vegetable servings, yet they also had a higher frequency of HTG. Similar results were found in another study where an elevation of serum TG was observed after a high-carbohydrate intake even when the diet was composed of high-fiber whole foods [75] . In this study, the average fiber intake in all study groups (including the Val/Val carriers) was lower than the recommended 14 g/1000 cal to reduce lipid levels [76] . The beneficial effect of dietary fiber occurs when it is combined with a low-fat diet [8] . However, in this study, the diet of all study groups was high in fat as mentioned before. Additionally, it has been documented that BMI >28 kg/m 2 is a risk factor known to increase the sensitivity to lipid and lipoprotein alterations in response to high-carbohydrate diets [8] . This fact is in agreement with our study because the Val/Val genotype carriers were the only group with a BMI over 28 kg/m 2 . Thus, these findings support that HTG is a multi-causal metabolic disorder where several factors are involved. Moreover, genetic variations in lipid proteins have been associated with HTG in our population, such as APOE2 and fatty acid-binding protein 2 (FABP2) that may also be playing an important role in this condition [35, 63, 64] .
Conclusions
In conclusion, to the best of our knowledge, this study is the first to report the prevalence and association of Val191Val polymorphism with high carbohydrate intake and dyslipidemia in a population of West Mexico, data that may be representative of the Caucasian component predominant in several regions of the country. However, in the context of the obesity epidemic and high prevalence of HTG in Mexico, the detection of the TAS1R2 Val/Val genotype along with other gene polymorphisms may be an auxiliary tool for the identification of high-risk groups and prediction of resistance or responsiveness to dietary treatments. The prevention of HTG is a matter of considerable impact because left unattended, HTG has been known to induce insulin resistance and eventually liver cirrhosis or type 2 diabetes in susceptible individuals [29] .
To date, despite the negative impact of the high prevalence of type 2 diabetes and liver cirrhosis on public health, no interventions have been effective in reducing the rates of obesity and derived comorbidities in our population [1, 77] . With the current knowledge that many genes influence food intake and eating behaviors, the success of these strategies may largely depend on the individual's genetic characteristics [36] . Therefore, new research in the field of nutrigenetics and genomics is required to develop genome-based intervention strategies that include designing region-tailored diets with nutrients that are compatible with the ancestral gene-environmental interactions of each population [1] .
